This paper deals with the finite element analysis of free vibration response of the delaminated composite plates. Free vibration analysis is performed by using ANSYS commercial software developing parametric input files. Natural frequency values and associated mode shapes of E-glass/epoxy composite delaminated plates are determined. Effects of delamination shape, dimension and location on the natural frequency and associated mode shapes are investigated and for the purpose of the observing the effect of the boundary conditions, cantilever and clamped-pinned delaminated composite plates are taken into consideration. Comparisons with the results in literature verify the validity of the developed models in this study. It is observed that the natural frequency decreases in the existence of the delamination and level of the decrease depends on the dimension, shape and location of the delamination.
INTRODUCTION
Composite materials have many advantages such as their comparatively high strength to weight and stiffness to weight ratios. For this reason, fibre reinforced composite materials have been extensively used in aircraft and spacecraft construction. However, the mechanical properties of composite materials may degrade severely in the presence of damage. Delamination is one of the most important failure modes of composite materials. Manufacturing defects such as air entrapment or insufficient resin during fabrication, external impacts, or compression loads may cause delamination in composite plates. The delamination and their further extensions lead to loss of stiffness and strength of the composite materials. Decrease in the stiffness also affects the vibration response of the structure. This depends on the dimensions, location, and shape of the delamination in the composite materials.
Many researchers have investigated the dynamic behaviour of the laminated composite structures using the analytical, numerical and experimental methods. Many analytical and numerical studies are based on the classical laminated plate theory in which the Full Article transverse shear deformation effect is ignored. Qatu [1, 2] investigated the effects of the boundary conditions on the natural frequencies of laminated composite plates having rectangular shapes under different boundary conditions, and also presented the results of the natural frequencies of laminated plates having triangular and trapezoidal shapes. Sankar [3] modeled a delaminated beam as two sublaminates by offset finite element method. Rikards [4] developed a finite superelement model for composite beams and plates whose layers are considered as simple Timoshenko beams. Gadelrab [5] examined the effect of the delamination length and location on the natural frequencies of composite laminated beam with different boundary conditions using the finite element method. Zak et al. [6] , Ousset and Roudolff [7] developed the finite element models for beams and plates with boundary delamination. Lee [8] developed a finite element model using a layer wise theory to formulate the free vibration of a delaminated composite beam and showed that the layer wise approach is adequate for vibration analysis of delaminated composite beams. Hua et al. [9] investigated effect of the delamination on the vibration characteristic of composite laminated plates us- Turan Ercopur, Binnur Goren Kiral ing a high-order finite element, which satisfies the zero transverse shear strain condition on the top and bottom surfaces of laminated plates. Yam et al. [10] established a three-dimensional finite element model for multilayered composites with internal delamination, which virtual elements were adopted in the region of the delamination to prevent element penetration. Alnefaie [11] determined the natural frequencies and modal displacements of rectangular delaminated composite plates and reported the good agreement between the numerical results and available experimental data.
INVESTIGATION OF FREE VIBRATION RESPONSE OF E-GLASS/EPOXY DELAMINATED COMPOSITE PLATES
In the design stage, it is very important to determine the natural frequencies since the resonance phenomena occurs when the excitation frequency is close to one of the natural frequencies of the structure. Vibration response of the delaminated composite plate is different from that of the intact one. Many studies in the literature generally examine the effects of the shape or dimension of the delamination. However, location of the delamination affects the response of free vibration more than these parameters. In this paper, it is examined in detail how the location as well as dimension and shape of the delamination affects the response of the free vibration of the delaminated composite plate. Parametric input files are developed by using ANSYS v10.0 commercial software in order to determine the natural frequencies and associated mode shapes with the harmonic responses of the laminated composite plates. Three-dimensional finite element models having different delamination dimension, shape and location are modeled in order to determine the effects of delamination size and location on the natural frequency of both cantilever and clamped-pinned laminated composite plates. A good agreement between the numerical results and the available experimental data is obtained.
EQUATIONS OF MOTION
The equations of motion can be determined by using Lagrange equations and Hamilton's principle. The Lagrange equation is given by
where L=TV is called as Lagrange function; T and V denote the kinetic and potential energies, respectively. R is the dissipation function. q and q denotes the nodal displacement and the nodal velocity, respectively. The equation of motion for an undamped system without external force can be written in matrix form as
where [M] and [K] stands for the mass and stiffness matrices, respectively and they are written as
where ρ is the density, [N] is the matrix of the shape functions, [B] is the matrix of coordinate derivatives of shape functions and [D] is the matrix of elastic constants [12] .
For the undamped case, free vibration of the composite plate is reduced to the eigenvalue problem whose solution gives the natural frequencies,
PROBLEM DEFINITION

3.1Finite Element Model of Laminated Composite Plates
Three-dimensional finite element analyses are performed to determine the response of the free vibration of the delaminated composite plate in this study. Four different models are investigated in order to observe the effect of the location, dimension and shape of the delamination. These are intact model (Plate 0) and delaminated models having different delamination types namely, circular strip delamination (Plate A), circular hole (Plate B) and circular strip delamination around a circular hole (Plate C). and coordinates. In such a manner that, while the areas A9, A10, A11, A12, A13, A14, A15 and A16 belong to the bottom volumes, the areas A17, A18, A19, A20, A21, A22, A23 and A24 which have the same dimensions and coordinates with above areas, belong to the upper volumes. Nevertheless, the areas A1, A2, A3, A4, A5, A6, A7 and A8 are the common areas of the top and bottom volumes of the Plates A and C. Two nodes occur at the same coordinates of the interfacial areas in the finite element model because the top and bottom volumes are not glued in the interfacial areas.
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STATEMENT OF THE PROBLEM
In this paper, it is aimed to examine the free vibration response of delaminated composite plates. Effects of the delamination dimension and location on the natural frequency of both cantilever and clampedpinned laminated composite plates are determined.
Figs. 5 and 6 show the finite element models of the cantilever and clamped-pinned plates, respectively.
Model Refinement
The element size has a major significance on the accuracy of the finite element results. As the element size decreases, accuracy of the results increases; but at the same time, the solution time gets longer. For this reason, some analyses are performed in order to obtain optimum element number. For these analyses, six-layer laminated square composite plate with a side length of 178 mm and total thickness of 1.58 mm are considered. Material properties are This leads to apply the 2000 elements per layer for each lamina in the subsequent computations to achieve both high accuracy and minimum computation time.
Model Verification
In order to verify the results obtained with the developed model, the results of the present study are compared with the previously presented experimental [13] and numerical results [10, 11] . [11, 14] . The first five natural frequencies are compared to the numerical and experimental results. Table 3 shows the natural frequencies for the first five modes. It is seen from the table that the present model demonstrates good agreement with the results in the literature.
Experimental Study
In this section, free vibration response of the cantilever laminated woven composite beams, having an area of 270x22 mm 2 and a thickness of 2.5 mm, are measured by a laser displacement meter and these results are compared with the numerical results obtained by the finite element analyses. Four laminated composite beams are considered. One of those is intact, and the others have a circular delamination around a circular hole located at different positions. Centre of the delamination from the clamped edge are located at 20 mm, 40 mm and 80 mm in the delaminated composite beams. In the finite element analyses, diameters of the circular hole and the circular strip delamination are taken as 5 mm and 10 mm, respectively. All ply orientations are equal to 0 o and elasticity moduli are E 1 =E 2 =22.32 GPa, E 3 =13.392 GPa, shear moduli G 12 =3.08 GPa, Fig. 9 shows the free displacement response and its frequency content of the intact beam. The first natural frequency of the intact composite beam is obtained as 16.24 Hz. Fig. 10 shows the free displacement response of the beam with a delamination located at 20 mm from the root. The natural frequency for this case is obtained as 15.99 Hz. A small decrease is observed in the first natural frequency due to the delamination. The free displacement responses for the beams having delaminations located at 40 mm and 80 mm are given in Figs. 11 and 12. As seen from these figures that the first natural frequen- 
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RESULTS AND DISCUSSIONS
In this paper, parametric input files are developed by using ANSYS software in order to determine the natural frequencies, associated mode shapes and the harmonic responses of the laminated composite plates. Three-dimensional finite element models of laminated composite plates are generated and the effects of delamination dimension and location on the natural frequency of both cantilever and clampedpinned laminated composite plates are determined.
Laminated composite plates used in this study have eight plies. 3 . Four-type laminated composite plates are used in this study. These are the intact model (Plate 0) and delaminated models having different delamination types such as circular strip delamination (Plate A), circular hole (Plate B) and the circular strip delamination around a circular hole (Plate C).
Bending Mode Shapes of Intact Model
In this section, the first eight mode shapes of both cantilever and clamped-pinned intact composite plate model are investigated. Figs. 13 and 14 show the first eight mode shapes of the cantilever and clamped-pinned intact composite plate models, respectively. Figs. 13-a,c and g, and Figs. 14-a,d and h show the first three bending mode shapes, respectively. The colours specify amplitudes of the displacements. Red and blue colours indicate the maximum and minimum modal displacement amplitudes of the associated vibration modes, respectively.
Effect of Delamination on the Natural Frequency
In this section, the effect of the delamination and hole on the natural frequency of the laminated composite plate is examined. Three laminated composite plates, namely Plate 0, Plate A and Plate B are considered. Plate 0 is intact and Plate A has a circular strip delamination located at the centre of the plate between the fourth and fifth layers from the bottom of the plate. The diameter of the circular strip delamination is taken as 20 mm. Plate B has a circular hole with the diameter 20 mm located at the centre of the plate. The first eight natural frequencies of both cantilever and clamped-pinned laminated composite plates are determined. Tables 5 and 6 present the natural frequency values of the cantilever plates and clamped-pinned plates, respectively. It can be seen that the natural frequency values decrease in the existence of delamination because of the decreasing plate stiffness. It is also seen that the decrease in the natural frequencies is different for different modes.
Effect of the Delamination Size on the Natural Frequency
In this section, the effect of the delamination dimension on the natural frequency of the laminated It can be seen from the figures that the percentage change between the natural frequencies of the intact and delaminated plates increases as the ratio of the delamination diameter to the plate length increases. In other words, while dimension of the delamination increases, the difference between the natural frequencies of the intact and delaminated plates increases. The effect of delamination dimension on the natural frequencies is very small for the first five modes; on the other hand it is very remarkable for the other modes for both cantilever and clampedpinned plates. As seen from Table 8 : Numerical results of the first eight natural frequencies (Hz) for different delamination size for the clamped-pinned plate Turan Ercopur, Binnur Goren Kiral es, the difference between the natural frequency values of the intact and delaminated plates is relatively large for mode 7, which is the third bending mode of the cantilever plate; but the change in the natural frequencies is almost negligible for mode 1 and mode 3, which are the first and second bending modes of the cantilever plate, respectively. Fig. 20 shows the effect of delamination dimension on the natural frequency values for first, second and third bending modes of clamped-pinned plate. κ value is relatively large for mode 4 and mode 8, which are the second and third bending modes of the clampedpinned plate, respectively. The deviation in the intact and delaminated plates is almost negligible in mode 1, which is the first bending mode.
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Effect of the Delamination Location on the Natural Frequency
In this section, the effect of the delamination location on natural frequency values for the first and second bending modes of the laminated composite plate is examined. Eighteen types of laminated composite plates are considered. The first is intact one, and the others have a circular hole located at different positions. In this study, λ/l indicates the ratio of the delamination centre location to the plate length. The diameter of hole is selected as 20 mm (dw=0.10) and 30 mm (dw=0.15).
The natural frequency values are obtained for the first two bending modes of both cantilever and clamped-pinned laminated composite plates. Tables  9 and 10 As shown in these figures, both location and dimension of the delamination have significant effect on the free vibration response. The effect of the delamination location on the first and second bending modes of cantilever plate can be seen in Figs. 21 and 22, respectively. The first bending natural frequency value of the cantilever delaminated composite plate is close to that of intact one where the delamination is in the vicinity of the free end of the plate. Natural frequency value for the second bending mode is minimum where the delamination is at λ/l=0.60, which is the nodal line of the second bending mode shape.
The effect of the delamination location on the first and second bending modes of the clamped-pinned plate is given in Figs. 23 first bending natural frequency of the clampedpinned plate is minimum where the delamination is at λ/l=0.65 and the second bending natural frequency of the clamped-pinned plate is minimum where the delamination is at λ/l=0.80. These λ/l values correspond to the nodal lines of the clamped-pinned plate.
Harmonic analysis
Harmonic analysis is used widely in the vibration simulation and testing. Harmonic response reveals dynamic parameters of the structures such as natural frequency, damping, etc. Harmonic analysis can be performed to calculate the peak steady state response due to harmonic loads. Peak harmonic response occurs at the forcing frequency values that match the natural frequencies of the structure.
In this section, harmonic response of a delaminated composite plate is investigated using harmonic analysis module of ANSYS software. Delaminated composite plate used in these analyses has a circular strip delamination around a circular hole. Diameters of the circular hole and the circular strip delamination are taken as 20 mm and 30 mm, respectively. A harmonic force is applied at the free end of the cantilever-free composite plate and the frequency of the load is varied from 1 Hz to 250 Hz. Magnitude of the load is 1 N and its phase angle is zero. The first step of the analysis is to compute the natural frequency values for the first three modes using the modal analysis. The first and third modes of the plate are the first and second bending modes. Table  11 presents the natural frequency values for the intact and delaminated cantilever plates. Harmonic response of the middle point of the free edge of the plate is shown in Fig. 25 . It can be seen that the vertical displacement is maximum at frequency values of 34 Hz and 212 Hz. These frequency values correspond to the natural frequency values of the delaminated composite plate. The natural frequency of the second mode of the plate does not seen in Fig. 25 since this is not a bending mode.
CONCLUSIONS
In this paper, the effect of delamination on the free vibration response of the laminated composite plates is analyzed in terms of some parameters such as the dimension and location of the delamination and boundary conditions using the finite element method and modal analysis. In order to get accurate results for delamination detection of laminated composite plate, a relatively fine mesh is considered for the finite element computation. The following conclusions may be drawn from the results obtained in this study.
-The natural frequency values of the laminated plates decrease in the case of the existence of the delamination due to the change in the stiffness of the delaminated plate. The level of decrease depends on the dimension, location, and shape of the delamination.
-The natural frequency is significantly influenced by the delamination location. The natural frequency increases as the delamination moves away along the axial direction from the clamped edge, and decreases as the delamination closes to nodal line, and increases as the delamination moves away along the axial direction from the nodal line of the plate.
-Boundary conditions affect the free vibration characteristics of the delaminated plate. The natural frequency changes with the change of the flexibility of the plate.
-The natural frequency values associated with the bending modes are minimum at the different certain points for each bending mode and boundary conditions. This condition occurs due to the shape of the bending mode. The first and second bending natural frequency values of the clamped-pinned delaminated plates are the minimum where the delamination is at λ/l=0.65 and λ/l=0.80, respectively. The first natural frequency of the cantilever delaminated plate associated with the bending mode is close to that of intact one when the delamination is in the vicinity of the free end of the cantilever plate. The second natural frequency of the cantilever delaminated plate associated with the bending mode is the minimum where the delamination is at λ/l=0.60.
